We study experimentally the critical depinning current I c versus applied magnetic field B in Nb thin films which contain 2D arrays of circular antidots placed on the nodes of quasiperiodic (QP) fivefold Penrose lattices. Close to the transition temperature T c we observe matching of the vortex lattice with the QP pinning array, confirming essential features in the I c B patterns as predicted by Misko et al. [Phys. Rev. Lett. 95, 177007 (2005)]. We find a significant enhancement in I c B for QP pinning arrays in comparison to I c in samples with randomly distributed antidots or no antidots.
The formation of Abrikosov vortices in the mixed state of type-II superconductors [1] and their arrangement in various types of ''vortex phases'', ranging from the ordered, triangular Abrikosov lattice to disordered phases [2 -4] has a strong impact on the electric properties of superconductors. Both in terms of device applications and with respect to the fundamental physical properties of so-called ''vortex matter'', the interaction of vortices with defects, which act as pinning sites, plays an important role. Recent progress in the fabrication of nanostructures provided the possibility to realize superconducting thin films which contain artificial defects as pinning sites with well-defined size, geometry, and spatial arrangement. In particular, artificially produced periodic arrays of submicron holes (antidots) [5] [6] [7] [8] and magnetic dots [9] [10] [11] [12] as pinning sites have been intensively investigated during the last years, to address the fundamental question how vortex pinning-and thus the critical current density j c in superconductors-can be drastically increased.
In this context, it has been shown that a very stable vortex configuration, and hence an enhancement of the critical current I c occurs when the vortex lattice is commensurate with the underlying periodic pinning array. This situation occurs, in particular, at the so-called first matching field B 1 0 =A, i.e., when the applied field B corresponds to one flux quantum 0 h=2e per unit-cell area A of the pinning array. In general, I c B may show a strongly nonmonotonic behavior, with local maxima at matching fields B m mB 1 (m: integer or a rational number), which reflects the periodicity of the array of artificial pinning sites.
As pointed out by Misko et al. [13] , an enhancement of I c occurs only for an applied field close to matching fields, which makes it desirable to use artificial pinning arrays with many built-in periods, in order to provide either very many peaks in I c B or an extremely broad peak in I c B. Accordingly, Misko et al. studied analytically and by numerical simulation vortex pinning by quasiperiodic chains and by 2D pinning arrays, the latter forming a fivefold Penrose lattice [14] , and they predicted that a Penrose lattice of pinning sites can provide an enormous enhancement of I c , even compared to triangular and random pinning arrays.
We note that the discovery of quasicrystals [15] has, until today, stimulated intensive investigations of a large variety of artificially generated quasiperiodic systems, such as semiconductor heterostructures [16] , optical superlattices [17] , photonic quasicrystals [18] , atoms in optical potentials [19] , superconducting wire networks [20] , and Josephson junction arrays [21] . The investigation of the static and dynamic properties of vortex quasicrystals, including phase transitions which may be tuned by temperature and magnetic field, is interesting, both from a practical point of view (regarding controllability and enhancement of critical currents in superconductors) and also with respect to our understanding of fundamental aspects related to the physics of quasicrystals.
Here, we present results on the experimental investigation of matching effects in superconducting Nb thin films containing various types of antidot configurations. We studied I c B at variable temperature T close to the superconducting transition temperature T c , and we compare Penrose lattices with triangular lattices, with random arrangements of antidots and with thin films without antidots. Our experimental results on Penrose arrays confirm essential features in the I c B patterns as predicted in [13] .
The experiments were carried out on d 60 nm thick Nb films which were deposited by dc magnetron sputtering in the same run on five separate substrates. Patterning was performed by e-beam lithography and lift-off to produce cross-shaped Nb bridges with circular antidots arranged in different geometries. Figure 1 Fig. 1(b) ], a Penrose lattice [ Fig. 1(c) ], or in a random arrangement [ Fig. 1(d) ]. All samples have the same average antidot density n p 0:52 m ÿ2 , which corresponds to a first matching field B 1 n p 0 1:08 mT. For reference measurements each chip also contains two cross structures without antidots (''plain'' sample).
The fivefold Penrose lattice consists of two types of rhombuses with equal sides a P 1:54 m: ''large'' and ''small'' ones, with angles (2, 3) and (, 4), respectively, ( 36 ). Accordingly, the short diagonal of the small rhombuses a P = 0:952 m; 1 5 p =2 1:618 is the golden mean. The rhombuses have been arranged using inflation rules [14] in order to assure the quasiperiodicity of the lattice. In the triangular lattice the next-neighbor distance is a T 1:49 m. For the random arrangement of antidots their (x, y) coordinates were generated by a 2D array filled with uniform random numbers and then scaled to give n p 0:52 m ÿ2 .
To characterize our devices, we measured resistance R vs T (at B 0) and determined T c of the different bridges on each chip. The left inset in Fig. 2 (a) shows RT curves for perforated bridges and for one bridge without antidots on chip #2. For the perforated bridges, T c 8:660 K is reduced by 12 mK compared to the bridge without antidots. This can be attributed to a small contamination from the resist structure during Nb film deposition, as we observed a similar behavior on other chips. The perforated bridges also show a larger normal resistance, which can be ascribed to geometry effects and to a slight reduction in the mean free path l as compared to the plain bridge; again, this is consistently observed for all chips. With this respect, the RT curves shown in the left inset of Fig. 2(a) are representative for all devices on various chips which we investigated. From the measured resistivity 10 K 5:52 cm of the plain film at T 10 K and the relation l 3:72 10 ÿ6 cm 2 [22] we estimate l 6 nm. In total we investigated 12 bridges on three different chips (#1, #2, #3). Below we present data for bridges with r 200 nm antidots on chips #2 and #3. Bridges with r 125 nm antidots on chip #1 behaved similarly. Figure 3 shows I c B patterns of a Penrose array at three different temperatures close to T c . Here, I c is defined by a dynamic criterion, i.e., via the detection of a threshold voltage V c 1 V and the T stability is 1 mK. For comparison, we insert the calculated I c B dependence (as the dashed line), replotted from Fig. 2 (e) in [13] (for N p 301 pinning sites), without any adjustable parameter. For PRL
147003-2 these calculations a static I c definition (number of pinned vortices over the number of vortices) was used. However, Misko et al. [13] mention that dynamic simulations give essentially equal results. We find very nice agreement with our experimental data for the two highest temperatures (lower and middle traces): The narrow peak in I c B at B 0 broadens above B=B 1 0:2, until a local minimum in I c B is reached at B=B 1 0:5; a two-peak structure appears with I c maxima at B=B 1 0:81 =2 (broader peak) and at B B 1 (narrow peak). Above B 1 , I c drops rapidly with increasing B. The two-peak structure was predicted in [13] for the case that the gain in pinning energy E pin exceeds the increase in elastic energy E el associated with the deformation of a triangular vortex lattice. Misko et al. [13] find the broader peak at a value of B v=t =B 1 0:757, which corresponds to filling of only three out of four of the pinning sites on the vertices of the small rhombuses, except for the N d cases when two small rhombuses are connected along one side, and share one such vacancy. We find for our large Penrose arrays N d N s = 2 (N s and N l are the number of small and large rhombuses, respectively). With the number of vertices in the Penrose lattice N p N l 2 N s , one obtains B v=t =B 1 2= 2 0:764. This is just slightly below the matching peak which we observe at =2 N p ÿ N s 2 =N p . The latter corresponds, e.g., to a vortex configuration with every second small rhombus having only three out of four pinning sites occupied. In addition, we find at the highest temperature T=T c 0:9988 a third peak in I c B at B=B 1 0:65 1=, which can be associated with filling of only three out of four pinning sites on the vertices of all small rhombuses.
With decreasing T another peaklike structure appears at B=B 1 1:77, close to 1 =2. In the same T range, the triangular array with the same antidot size (on the same chip) develops a clear peak in I c B at the second matching field B 2 . This can be explained by an increase of the saturation number [23] n s r=2T above a value of two ( is the coherence length). That is, by lowering T, pinning of multiquanta occurs. The observed matching peak at 1 =2 corresponds then, e.g., to double occupancy of antidots, except for one antidot on every second small rhombus, which is only occupied by a single vortex. The fact that this matching peak is not very pronounced indicates that E pin only slightly exceeds E el , which also explains the missing of a matching peak at B B 2 .
The matching peaks in Fig. 3 are most pronounced at the highest temperature, T=T c 0:9988, and gradually transform into a plateaulike I c B pattern (within 0:5 B=B 1 1) at T=T c 0:9976. This plateau is a remarkable feature, which we associate with the effectiveness of the many built-in periods of the Penrose lattice. We note that the Pearl length [24] T / 1 ÿ T=T c ÿ1 , which sets the vortex interaction range, changes from 80 to 40 m with decreasing T in Fig. 3 . In contrast to the calculations in [13] , with a penetration depth of the order of the pinning lattice spacing a, we find distinct matching peaks only for a, i.e., if the vortices interact over a large fraction of the Penrose array. Certainly, a better understanding of our results requires a more detailed theoretical analysis, including the T dependence of the vortex interaction range, pinning strength, and pinning range, as well as thermal fluctuations which might be important, in particular, close to T c .
For direct comparison, we simultaneously measured on a single chip (#2) three perforated bridges with different antidot configurations (Penrose, triangular, and random; r 200 nm) and one plain bridge. Figure 2 shows I c B at three different values of T=T c . In contrast to the plain and ''random'' samples the Penrose and triangular arrays show clear matching effects, with identical B 1 , as designed. The triangular array shows very pronounced matching peaks at B 1 and B 2 . We do not observe higher order matching peaks, which indicates that n s 2.
The I c B pattern for the Penrose array is very similar to the one on chip #3 with the same antidot size (cf. Fig. 3 ). Decreasing T, the multiple peak structure at B B 1 turns into a broad shoulder. When T is lowered further [see Fig. 2(c) ], the shoulder transforms into a domelike structure. We cannot give a concise explanation for the shape of this very broad central peak; however, we note that we observed this on all investigated Penrose arrays.
Comparing absolute values of I c for the Penrose and triangular array shows that very close to T c critical currents at B 0, B 1 and B 2 are quite similar; however, due to the stronger reduction in I c of the triangular array between matching fields, the Penrose array is superior, in particular, for small fields, below B 1 [see Fig. 2(a) ]. This situation changes with decreasing T, as the reduction in I c of the triangular array between matching fields becomes much [13] for N p 301.
less pronounced [see Fig. 2(c) ]. That is, we cannot confirm the prediction [13] that the Penrose lattice provides an enormous enhancement in I c B over the triangular one, except for T very close to T c and fields between B 0 and the first matching field. This is also visible in the right inset in Fig. 2(a) , which shows I c 1 ÿ
at B 0:5B 1 for all four samples. Above 1 ÿ T T c 3 10 ÿ3 the Penrose and triangular array show almost the same I c T which approaches, within a factor of 2, the Ginzburg-Landau depairing current I dp / H 2 c / 1 ÿ
3=2 , with the thermodynamic critical field H c . This scaling can be derived within a simple core pinning model, neglecting vortexvortex interactions. The resulting I c T-shown as a gray line in the right inset in Fig. 2(a) -is then simply determined by the maximum pinning force of an antidot, which we calculated, following the approach in [3] based on the London approximation [23] . The random sample gives always significantly smaller I c as the triangular and Penrose arrays. However, it shows a steeper I c T dependence, which scales as 1 ÿ In conclusion, we experimentally verified theoretical predictions of the main features of the critical current dependence on the applied magnetic field in a superconducting thin film with a quasiperiodic Penrose lattice of antidots at temperatures close to T c . In particular, we found matching of the vortex lattice with the quasiperiodic lattice of pinning sites very close to T c , and we associate various matching peaks in I c B with distinct regular arrangements of the vortices. In addition, we directly compared different arrangements of artificial pinning sites in our Nb films. We find an enhancement of I c in films with Penrose lattices as compared to films with random arrangement of pinning sites and films without artificial pinning sites, however, no significant enhancement of I c as compared to films with triangular antidot lattices. With respect to applications, it will be interesting to perform more detailed investigations on the effect of optimum antidot size (i.e., saturation number) and density over a wide range of temperatures in quasiperiodic pinning arrays.
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Note added.-After first submission of our manuscript we learned about related work by Villegas et al. [25] and Silhanek et al. [26] on quasiperiodic pinning arrays in superconducting films with magnetic dots.
